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Natural Convection in Trenches of High Aspect Ratio
R. H. Nilson* and S. K. Griffiths

Sandia National Laboratories, Livermore, California 94551-0969, USA

Filling deep trench-like features by electrodeposition is often limited by ion transport from the electrolyte bath to the plating
surface at the feature bottom. This transport may be substantially enhanced by buoyancy-driven convection induced by metal-ion
depletion adjacent to the plating surface. Numerical solutions of the Navier-Stokes and species transport equations are used to
determine the magnitude of transport enhancement, expressed as a Sherwood number, for Rayleigh numbers rangirig from 10
10? and for feature aspect ratios of depth to width ranging from 1 to 16 both for open trenches and for fully enclosed rectangular
domains. To facilitate extrapolation of these numerical results, an exact analytical solution is derived for aspect ratios much greater
than unity. This is used in conjunction with the known asymptotic behavior for large Rayleigh numbers to construct a composite
formula relating the Sherwood number to the Rayleigh number and aspect ratio. The results indicate that buoyancy-driven
convection may provide significant transport enhancement during electrodeposition into features having depths greater than about
100 pm and that enhancement exceeding a factor of ten may occur in LIGA features having depths of 1 mm or more. It is also
shown that a moderate inclination of the substrate helps to suppress the formation of multiple vertically stacked convective cells
that would otherwise reduce the overall transport.
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Electrodeposition into microscopic trenches is of importance innatural convection plays only a secondary role in conventional plat-
damascene plating of interconnects for semiconductor dévizes  ing of flat surfaces when the fresh electrolyte is supplied to the
in the LIGA proces%® used to produce metal parts having feature plating surface by vigorous stirring of the bath. However, in the
sizes ranging from micrometers to millimeters. In LIGA, a high- absence of such stirring, buoyant convection can strongly enhance
energy X-ray source is used to expose a thick photoresist through glating rates on flat surfacEsand on long upward-facing tracks.
patterned mask. The exposed material is then removed by chemicdl has also been demonstrated both experimentally and
dissolution to obtain a nonconducting mold having a metallic sub-Computationally® that natural convection is important in the shape-
strate. The mold cavities are then filled by electrodeposition. The€volution of electrodeposits in rectangular cavities of unit aspect
resulting metal parts may be the final product or may be used agatio provided that the depth of the feature is greater than about 100
injection or embossing molds for mass production. pm. In LIGA the feature depth is usually at least this large and

Deposition rates in recessed features are often limited by trans@SPect ratios range from less than unity to ten or more.
port of metal ions into the feature, particularly in LIGA applications _Beyond the literature of electrodeposition and microfabrication
where feature depths typically range from 100 micrometers to morél€re are hundreds of studies of natural convection induced by gra-
than a millimeter. If the electrolyte within these features is stagnantdi€nts of temperature and chemical compositidi, but few of
the minimum required diffusion-limited plating times range from these deal directly with the configuration of interest here. Previous

about 2 to 20 days for 1-3 mm feature depths. Pumping of electroStudies addressing convection in tall slender domains are mainly
lyte over the mold top provides effective transport into features hav_concerned with transport induced by gradients of temperature and

ing aspect ratiosA = depth/width, less than about two but provides densntg/ orthogonal to the gravity field as in the pioneering studies by

. 9 . . _
little benefit in features having higher aspect ratios. This is becaus?Eldell and Gilf® and in a recent pap€ron multicellular convec

the convective cell that circulates the fluid in the top of each feature-Ion at very high aspect ratios. Conversely, previous studies explor-

ing motion driven by density gradients parallel to the gravity field

penetrates only about one feature width. Additional counter-rotating(Our current interesthave largely focused on relatively shallow lay-

convective cells are formed deeper within high aspect ratio featuresers’ as in the classical Rayleigh-Benard problem that is posed on a

but the circulation speeds in successive cells decrease by nearly twg,

ituda ; ; . . eated plane of infinite width*! Notable exceptions to these gen-
orders of magnitude.Thus, prior studies addressing _tqe_ influence of g5 ophservations include studies of Rayleigh-Benard convection in
forced convection on etchifid and electrodepositi§f! in micro-

: . ; . . honeycomb structuré for 0.5< A < 2.5 and in rectangular
scopic trenches have either reaffirmed this expectation or have beelgoxe§3for 1 < A < 4. However. the regime of primary interest for
limited to aspect ratios near unity. ' y g P y

Unlike forced convection driven by flow over the mold top, LIGA, that of very high aspect ratios, remains largely unexplored.

. . . To better understand the role of natural convection in electroplat-
buoyancy-driven convection may strongly enhance the transport Ir]ng of deep recesses, we have performed a series of numerical simu-

high-aspect-ratio features, particularly for feature depths of 1 mm Oflations for 1< A < 16 and Rayleigh numbers ranging from10

more. Removal of metal ions from the electrolyte reduces the local . The results indicate that natural convection can provide a sub-
X : ; o ; .

fluid density at the plating surface by as much as 10% when platin tantial increase in ion transport into LIGA molds having depths of

at relatlvely_hlgh rates fra 1 M nickel b_aths. Because of its e 100 wm or more, but the occurrence of multicellular convection at
duced density, the depleted electrolyte rises from an upward-fa_cln%igh Rayleigh numbers may reduce this benefit. However, it is fur-
etlegt};gqte’ permlttltnglj tthg t'ﬂﬂ?mpf fresrl: e_Iectronte. In an ?gr“?r ther shown that tilting of the substrate can help to maintain a favor-
st It was postuiate at this mechanism was reésponsiblé 10ryp 6 nicellular flow structure. These numerical results are used to

r.ne.asured current densities 10 to.100-fold in excess of t.he dif‘fusion-guide the development of a physically based analytical model that
limited current. That study also included some numerical calcula-

. . . can be readily used to calculate mass-transport rates in trenches for
tions that demonstrated the importance of buoyancy in the LIGAA > 1 and for all Rayleigh numbers
application. :

Despite the relatively large density differences associated with
ion depletion, there is relatively littte mention of buoyancy-driven Governing Equations
natural convection in the electroplating literature. This is because e consider the simplified geometry of a single trench-like cav-
ity of width w and instantaneous heightas shown in Fig. 1. Since
the time required for mold filling is large compared to the relaxation
2 E-mail: rhnilso@sandia.gov time of the flow and transport fields, the filling process is nearly
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T N To facilitate numerical solution by finite difference methods, it is
r —————————— | convenient to rewrite the governing equations for two-dimensional
o flow in terms of the normalized stream functigrf and vorticity
| Electrolye Bath o*.?52" The stream function is defined in a manner that ensures
' | satisfaction of the continuity equation
y ' oy ap*
T-Shaped: ur = A and v* = ——x (5]
gomp_utatlonal\ g Non-Conducting
e ~ PMMA Mold Here, the position coordinates, time, and velocity components are
v respectively scaled by the feature heightand a reference velocity,
i_, h D/h
Trench-like ¥ X y tD uh vh
Feature | XY s R te g vs g vt s
Ty I (6]
i Y _ Conductin = pr © T 5
Electrodeposit g D D
Posti Substrate
VEITIIIIIIIIIIIIIII I I I I IIIIIy In terms of these scaled variables and a normalized metal ion con-
le— w —>| centration,C* = C/C,, the species conservation equation, Eq. 2,
— becomes
ac* L c* ac*  92Cc*  9cC*

+u

Figure 1. Schematic of a trench-like cavity in a nonconducting mold. Metal
ions are carried from the mold top to the deposition surface at the trench
bottom by convection and diffusion.

+ v — = +
ot ax* U Gy T ax*Z T gy*? (7
Further, by cross differentiation and summation of xtendy com-
ponents of the momentum equation, the pressure is eliminated from

quasi-steady and the plating surface motion has little effect on thehe following expression of momentum conservation

fluid velocity field. Further, we assume that the plating surface re- * * ok * *
; . . 1 /(0w dw dw aC aC
mains flat, since observed lateral variations are generally small com-— | —— + u* —— + v* —| = —Ral — + —tand
pared to the feature height, particularly when aspect ratios are large.SC\ 9t X ay X ay
Far above the mold toy, > h, species concentrations are assumed 920* 92w*
uniform at values typical of the plating bath. To isolate the effects of + =7+ 7 [8]

* 2
buoyancy, we restrict attention to transport by convection and diffu- X ay

sion with the understanding that ion drift induced by the electric . ) ) . ) i )

field may sometimes be importaltFor simplicity, we focus atten- ~ in whlch the normalized vorticityp*, is defined in terms of veloc-

tion on the transport and surface deposition of a single metal ionty gradients

species that is largely responsible for the fluid density variations that ov* au*

drive convective motion. 0¥ = — - — [9]
Under these idealizations, the equations describing conservation ax ay

of mass for a nearly incompressible fluid may be writfen o . .
Note that the buoyancy forces driving convective motion now ap-

V.u=20 (1] pear as spatial derivatives of the metal ion concentrat@n, and
that ¢ is the inclination angle of thg axis, measured from the
aC i : ; >
— + V-(uC) = V-(DVC) [2] vertical. Finally, the stream function and vorticity are related
at through the equation
whereu = ui + vj is the fluid velocity vector,C is the partial o = _(azw* I [10]
molar density of the deposition species, &b the effective binary ax*?2 ay*?

diffusivity for that species.

Under the customary Boussinesq approximation, the fluid densityas readily verified by substituting Eq. 5 into Eq. 9. This last elliptic
is treated as though it were uniform except in evaluating the buoy-equation is used to calculate the stream function from values of the
ancy force,pg, appearing in the following statement of momentum vorticity.

conservatiofr2’ The two parameters appearing in the momentum equation are the
Rayleigh and Schmidt numbers; both are written in terms of the
p‘;_lt‘ + p(u-Vu) = —Vp + pg + pVau (3] kinematic viscosity = w/pg
Apgyh3 v
) o o a= ——— and Sc= — [11]
Here, p is the pressure and the dynamic viscosjty,is presumed poDv D
uniform. The density variations that drive the motion can be related
to ion concentrations by a linear approximation of the form The Rayleigh number is based on the magnitude of the gravity force
component acting downward along the trench ayjs= g cosd, as
b = po + Ap C CO) [4] this is the primary driving force for feature scale circulation. Since
0 Co the Schmidt number is typically of the order®if@r small ions in an

aqueous solution, the time derivative and the advective vorticity
in which C, andp are the bath concentration and density, Apds transport on the left side of Eq. 8 are generally negligible. In this
the density reduction that results from full depletion of the plating asymptotic regime, there is essentially no dependence of the solu-
species. tions on the Schmidt number. The only remaining parameter is the



Journal of The Electrochemical Socig#50 (6) C401-C412(2003 C403

Rayleigh number, a measure of the strength of the buoyancy-driven All the impermeable solid boundaries, both within the feature

motion. For LIGA features having depths, ranging from 0.1 to 10  and external to it, may be viewed as one continuous streamline on

mm the Rayleigh number is on the order of400°. This estimate ~ Which

is based on a relative density differencegf/p, = 0.1, as appro- aC*

priate fa a 1 M nickel bath and full depletion of metal ions at the y* =0 and

deposition surface. The actual value of the normalized surface con- an*

centration is, however, controlled by the boundary condition at the

plating surface. wheren* is in a direction normal to each surface. The first of these

strictly applies at all mold boundaries, and it should also provide an

Numerical Approach excellent approximation on the deposition surface since the transla-

The preceding partial differential equations are solved numeri-tignal speed cf)lf _tgis bo‘énc_li_?]ry is ger(;erall;l/_ much smﬁller than the
cally on the T-shaped domain shown in Fig. 1. The lower rectangulartch arc‘;‘Cte”,Stt,'C ul fspee s th e Seﬁjort]; t?pp |e|s e‘é(ej?fw egetixcl??rt] on
part of the domain represents a trench-like cavity of hetyland € deposition surface at the mold bottom. {n adcition, both of the

. . . L velocity components are zero on all solid surfaggmoring the
width w. Since the sidewalls of the trench are electrical msulators,Slight translational speed of the plating surfacend these condi-

plating occurs on the floor alone. The wider region above the trench: : . }
represents a portion of the plating bath. Although this bath is actul}'ons are reflected in the boundary values of vorticity that are calcu

lly much larger than the trench, only a small portion need be in- 264 rom the defining equation, Eg. 9.
ally much larger than the trench, only a small portion need be IN- g0 than incorporating any specific electrode kinetics we have
cluded in the computational domain, provided that the boundaryCh

conditions are judiciously chosen. To reduce sensitivity of the solu-iS o?;ént:]% aegfggt;n gfr%l?g;:r:fy%?nl%a{yaﬁggg'rilons that allow us to

tion to the location of these boundaries, the flow is permitted to pass

through them as freely as possible. When the local velocity on these 9C*

surfaces carries fluid into the domain, the normalized concentration v K*C* or C*=0 on y*= [15]

is set to unity, as appropriate for the inflow of fresh electrolyte. y

Conversely, for an outward flow, boundary values of the concentra- ) T -

tion are extrapolated from the interior of the domain along the IocaIThe first of _these relates the_dn‘fusmn flux foa surface deposition

flow direction. Similarly, values of the stream function are extrapo- rate proportional to the local ion concentration. For large values of
f - . o

lated from the interior to satisfy invariance of the stream function the normalized rate constait’, the surface concentration is nearly

along the flow path. These extrapolations ensure that the gradients (ﬂero over the (fznti;}e Iov¥er s#rface, correspondingfto the WaX‘";]“m
C* andy* are orthogonal tar* eposition raté? Thus, for the present purpose of computing the

vertical transport it is simpler to require that = 0, as we do in all

the upcoming examples. Moreover, since the ion concentration at
the feature bottom influences only the vertical density difference
appearing in the Rayleigh number, these solutions are equally appli-
These free streaming boundary conditions are appropriate when theable to cases having any nonzero, but relatively uniform, ion con-
fluid above the mold is driven only by natural convection. Stirring or centration at the feature bottom. The neglected variations in ion
pumping of the electrolyte may be modeled, however, by applyingconcentration across the feature bottom are of importance in con-
an external shear stress, along the top surface of the T-shaped trolling the evolving shape of the deposition surface but have only a

=0 [14]

u*-Vy* =0 and C* =1 or u*.VC* =0 [12]

domairt? secondary influence on the overall transport along the feature, par-
ticluarly when the aspect ratio is large.

92 au* Th2 ~ Our goal is to compute the buoyancy-driven transport as a func-

W = W = M_D = 7* [13] tion of the Rayleigh number based on the vertical concentration

difference. Thus, the principal result of each calculation is the Sher-
wood numberSh, representing the ratio of the total vertical trans-
This boundary condition replaces the extrapolation of the streanport by convection and diffusion to that which would occur by dif-
function from the interior to the top boundary in one of the upcom- fusion alone
ing example calculations. "

The T-shaped computational domain shown in Fig. 1 is typically Sh= ( h ) ij (DE — e
extended four trench widths above the trench mouth and two trench DAC/ w ay
widths to each side of the trench. For external domains this large or

larger, the transport within deep trenches becomes nez.;lrly insensit.iv?his integral is the same at all elevations in a steady flow. The
to the domain size because most of the transport resistance residggmajization is based on the concentration difference over the fea-

within the feature itself rather than within the external domain. This ;. heightAC, representing the difference between the areal aver-

ggffet%‘; i\ég?utrgoumg;] IEZ StLLithetusrgncgittng ?gotﬁn%'rﬂg\iflggtfn ge across the feature mouth and the prescribed zero concentration
Y d t the mold bottom. This ensures ti& — 1 when there is no fluid

applied boundary conditions. Despite these external variations, th otion within the trench. When the transport is strond or the aspect
flow within the trench remains unaltered because the free streaming, .. - yvhenth P g P
boundary conditions in Eg. 12 allow the ambient high-density fluid atio 'ﬁ Ig_rfgf;e, the C(l))n?entratl?hn dgfetLencedaltﬁngfthet featll;r(?[tand the
; : ; overall difference between the bath an e feature bottom are
to flow freely through any of the domain boundaries and into the nearly the same. Note, however, that the Rayleigh number is always

trench mouth. Similarly, the ion-depleted fluid leaving the trench . X
flows outward without impediment through any of the domain ]E)eaas;ﬁ?eobnmtti;?noverall density difference between the bath and the

boundaries above the trench. This open-loop flow in and out of the . . .

trench may be disrupted, however, by forced flow over the top of thet.veTge;gltjgéogfea;g Sig'g’:(? QuTiﬁirtlgag%fgpe2cseql;arer$ﬁ§2ﬁ5§;\$_

trench, because this may cause closure of the streamlines within th op P d Dy tint > app .

trench, reducing the ion transport into the trench, as seen in th biain a system of algebraic equatlons_for the time evo_lutlon of the
' ’ godal point values of all dependent variables. At each time step the

feature mouth, consistent results are obtained as long as the compﬁerat've solution procedure 'nd“dei several st€fS (i) use Eq. 7

tational domain is extened one or more trench widths above thd© explicitly compute new values & ; (ii) use derivatives of the
feature, provided that the external flow is driven by an applied sheanew concentration field in solving Eq. 8 for new valuessdf; (iii)
stress rather than a prescribed external fluid velocity. use the new vorticity field in solving Eq. 10 fdr’ ; (iv) differen-

dx [16]
0
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tiate the new stream function to calculate velocity components from
Eq. 5; and ¢) differentiate the velocity field to calculate boundary
values of vorticity from Eq. 9.

The time step for the concentration field is chosen so that the
relative and absolute changes at any nodal point do not exceed pre:
scribed limits. Because the Schmidt number is asymptotically large,
hundreds or even thousands of much smaller time steps must be
taken to advance the vorticity transport equation to the same time £
level. In essence, the vorticity and stream function equations are
relaxed to a steady state for each change in the concentration field &
Thus, since we are mainly interested in steady-state solutions, it is
more efficient to compute a false transient wherein the vorticity and S
stream function are only partially relaxed for each update of the Zz
concentration field. The two methods generally yield the same re- 8
sults for steady flows but may differ for oscillatory or chaotic mo- €
tions, because the false transient alters the influence of Schmidtg
number on transient behavior. To speed the calculations and to tesl.c
convergence, each problem is converged to a steady or quasi-stead
state on successively finer meshes having 11, 21, 41, 81, and in
some cases 161 nodal points across the trench. Since the mesh i
square, the number of nodal points along the trench axis is larger in
proportion to the aspect ratio.

100 (e ||Jlll|] L ||IIIII[ ) lllllll] L IIIIIIII (IS EEEIT)

10°  10* 10° 10° 10”7  10°

Although our primary interest is in transport within rectangular
domains that are open at the top, we first review some example Rayleigh Number, Ra
calculations for flow in fully enclosed rectangular cavities. This pro-
vides an opportunity for model validation by comparison with pre- Figure 2. Comparison of experimental data for Rayleigh-Benard convection
vious calculations and experimental results. Although these com{symbols with numerical calculationdiines) for a square enclosure tilted at
parisons address thermally induced convection, the governin%“gles'd” of 0 and 25° from vertical. Insets show computed streamline
equations are analogous to those for convection induced by varial2t€ms{—) Time-averaged resultg; - - -, — — —) instantaneous up-
tions in ion concentration. The only differences are that the normal-Pe" a1d lower boundstupper———, - - - -) for & = 25 (lower —,
. . . - . — — —) for ¢ = 0°. All experimental data is fob = 0°.
ized temperatureT*, replaces the normalized ion concentration,
C*, the thermal diffusivity replaces the binary diffusion coefficient,
D, and the Rayleigh number in Eq. 11 is based the thermally in-
duced density variatiodp = aAT wherea is the thermal expan-
sion coefficient andAT is the overall temperature difference. We
began by computing the flow and transport in a square enclosur

having an imposed temperature difference between the vertical side=. - : d
walls, as in the Elder-Gill problem. Each of the sidewalls is isother- disturbance will grow to a steady or quasi-steady buoyancy-driven

mal while the top and bottom surfaces are insulated. Our results fofOW- The stability analysis of Platten and Legfbyields critical
mean transport rates agree with previous numerical calculifighs ~Rayleigh numbers ranging from 1767 to 2585 for &2A < 1. Our
within 5% for A = 1 and 16 < Ra < 10° as well as forA = 4, calculation for¢ = 0 puts the onset at about 2500, in good agree-
Ra = 2 X 10°, and various inclination angles. ment with th_e _s_tab_ility analysis fc_A = 1. I_n our calculat!onal ap-

Experimental data was also used for model validation. Figure oproach, the initial ion concentration field is skewed to induce con-
illustrates the good agreement between our numerical results for th¥ective motion that dies out whenev@ia < Ragi.
Rayleigh-Benard problem and published data from several sources Our numerical results foy = 0 are in relatively good agree-
that are included in Ref. 17, 29, and 30. Recall that in the Rayleigh-ment with the experimental data from the onset of convection up to
Benard configuration the horizontal top and bottom surfaces are isoa Rayleigh number of 4< 10°. Within this range, the computed
thermal, with the bottom at a higher temperature, and the sidewallstreamline pattern changes substantially as indicated by the inset
are insulated. The data sets shown in Fig. 2 are quite consistent evesireamline plots for Rayleigh numbers of*10.(°, and 4x 10°.
though they include aspect ratios ranging frém< 1 to A = 1. At small Ra the flow is unicellular, it then becomes bicellular,
The results are relatively insensitive to the aspect ratio because thand finally transitions to a pattern with four cells. The Sherwood
convective motion in layers much wider than their depth naturally number drops abruptly at the transition from two to four cells, as
evolves into a multicellular structure of counter-rotating cells eachreadily apparent in the plot. Beyond this point the flow becomes
having an aspect ratio near unity. oscillatory with qualitative changes in the flow pattern and large

The lines in Fig. 2 indicate our numerical results for= 1 and deviations between instantaneous values of the Sherwood number.
for inclination angles of 0 and 25°. For each case, the time meanThe jagged variation of the time mean Sherwood number above
Sherwood number is shown by a solid line and a pair of dotted linesRa = 4 X 10° is probably due to the limited duration of the aver-
are used show the maximum and minimum values of the Sherwoodging period. Aside from this, the calculations continue to follow the
number for the last 20,000 time steps of simulations that were eaclrend of the data quite well.
run for a total of 50,000 time steps. FRa < 10° the minimum and The upper set of lines and insets in Fig. 2 indicate calculational
maximum are nearly identical to the mean because the flow is eskesults for a square enclosure tilted 25° from the vertical. This rela-
sentially steady. However, at higher Rayleigh numbers the flow bedively moderate inclination stabilizes the flow and yields relatively
comes quasi-steady, eventually causing a factor of two or greatesteady solutions for Rayleigh numbers approachirfy A8 seen in
spread between the maximum and minimum. the insets for Rayleigh numbers of21A.(°, and 10, the streamline

In the absence of substrate tilting (= 0), the gravity field is  pattern remains essentially unicellular over the full range, though
parallel to the density gradient as in the classical Rayleigh-Benardsecondary cells do form within the central core. The calculations

Results for Fully Enclosed Rectangular Domains

problem. Under these conditions the fluid remains motionless and
onvective disturbances decay in time whenever the Rayleigh num-
oer is less than a critical valu®a.;. Above this threshold any
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Figure 3. Comparison of numerically calculated Sherwood numtsgm-
bols) with analytical model(lines) for fully enclosed rectangular domains Ra= 10° andd = 25°. Strong convective motion carries fresh electrolyte

having aspect ratios £ A < 16. Enc!osures are tited 25° from vertical. deep into feature, reducing the thickness of the diffusive boundary layer at
Inset shows streamlinegleft) and isopleths(right) for A =4 and the plating surface.

Ra= 10°.

Figure 4. Streamlines (left) and concentration contourgright) for

remain in relatively good agreement with the experimental data botranalysis of Platten and Legrdsindicated by arrows at the base of
for small and large Rayleigh numbers, with the greatest deviationghe plot. Note that the stability limit for large aspect ratios increases
seen in the intermediate range where there is considerable scatter asRa = 532 A% according to Platten and Legrd5The constant in
the data from various sources. this asymptotic expression is about a factor of two smaller than that
The calculations appear to correctly approach the experimentallylerived in the well-known book by Chandrasekfalthe smaller,
observed asymptotic behavior wherein the Sherwood number is promore accurate value is obtained by use of more general expressions
portional to the third root of the Rayleigh numbésee slope in  for the presumed spatial dependence of the disturbance.
Fig. 2, as discussed later in more detail. In general we were Although no experimental data appears in Fig. 3, its is seen that
quite pleased to find this level of agreement, particularly for largeall of the calculations for fully enclosed domains approach a third-
Ra, since the one-third power asymptote is thought by some toroot asymptote at high Rayleigh numbers and, as seen earlier in Fig.
apply only when the flow is highly turbulent. The experiments of 2, this asymptote is in good agreement with measurements for
EldeP! suggest that the transition to turbulence occurs aroundA < 1. The experiments of Prasad and Ko&gtilso confirm this
Ra~ 10°-10% though the one-third power asymptote has beenasymptote for aspect ratios ofs¢ A < 4. Moreover, the results of
observed® to hold up to 18% Catton and Edward8 for honeycomb cells approach a slightly
Tilting of the enclosure not only stabilizes the flow, it also alters shifted one-third power asymptote that applies for €. < 2.5.
the onset of convection in a qualitative manner. When a componenthus, both the available data and the present numerical calculations
of the gravity field is orthogonal to the initial density gradient, con- suggest that the upper asymptote does not depend strongly, if at all,
vective motion is induced for all values of the Rayleigh number ason the aspect ratio. However, in the next section of this paper it is
in the Elder-Gill configuration. However, as seen in Fig. 2, a 25° tilt shown that this asymptote is shifted by a factor of two between fully
produces a Sherwood number of onil.3 for a Rayleigh number ~ enclosed rectangular domains and open trenches.
of 2500. So the enhancement to purely diffusive transport is moder-  Typical streamlines and isopleths, lines of constant ion concen-
ate at the threshold normally associated with the Rayleigh-Benardration, are presented in the inset of Fig. 3 for= 4, Ra = 10,
motion. With increasing aspect ratio, the enhancement due to Elderand$ = 25°. The flow is essentially parallel along the midsection.
Gill convection becomes even less significant relative to the muchThe turning regions at the top and bottom are almost identical and
stronger Rayleigh-Benard convection, as seen in Fig. 3. each occupies about one half channel width. With increasing aspect
Figure 3 displays numerically computed Sherwood numbersratio, these turning regions remain nearly the same while the central
(symbols vs. Rayleigh number for an inclination angle of 25° and parallel flow domain simply expands in length to fill the growing
for A =1, 2, 4, 8, and 16. The five solid lines are the results of anmidsection. Although the streamline pattern is relatively insensitive
approximate analytical model derived in a later section of this paperto Ra, fluid speeds increase with increasing Rayleigh number. In
Since the enclosure is tilted, there is some enhancement or transpamrtsponse, the ion concentration boundary layers on the top and bot-
for all Rayleigh numbers. However, it is clear that the computedtom surfaces become thinner with increasing Rayleigh number and
threshold for strong convection increases with the aspect ratiothe ion concentration along the midsection becomes progressively
Moreover, the computed variation of this threshold is in good agree-more uniform. Many of these features are shared by buoyancy-
ment with the critical Rayleigh numbers predicted by the stability driven flow in trench-like domains.
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Figure 5. Streamlines (left) and concentration contourgright) for Figure 6. Streamlinegleft) and concentration contou¢gght) for bicellular
Ra= 10f, ¢ = 25°, and a normalized shear stresstéf= 10* above convection in a vertical trench f@®a = 10°, 4 = 0, andr* = 0. Transport
mold. Flow over the mold top may close convective streamlines and reducds inhibited by the presence of a diffusion layer at midheight where ion
transport. species are exchanged between the two counter-rotating cells.

boundary layers at the bottoms of both trenches and at the top of the
Results for Open Trenches enclosed trench. Since the resistance of each layer is inversely pro-
Figure 4 presents streamlines and isopleths for flow in an operportional to its thickness and the layers are of comparable thickness,
trench with an aspect ratio of four and a Rayleigh number &f 10 it follows that the overall transport resistance is only half as great
The 25° inclination angle of the feature is apparent since the risingvhen there is one boundary layer rather than two. Thus, the ion flux
low-density fluid turns toward the vertical direction as it exits the and the Sherwood number for the open trench are about twice as
left side of the trench. large as those of the fully enclosed trench. This factor of two benefit
The isopleths of Fig. 4 reveal a narrow boundary layer just abovemay be disrupted, however, by an external flow over the mold sur-
the plating surface at the trench bottom. In this region the fluid face or by the occurrence of multiple convection cells.
motion is essentially parallel to the bottom, requiring that the  Contrary to intuition, a strong external flow over the top surface
surface-normal flux be carried by diffusion alone. The local axial of @ plating mold may inadvertently decrease the transport of ion
gradient must thus be steeper here than in the upper region wher@pecies into the open features. This is illustrated in Fig. 5 where an
the flux is carried advectively by opposing axial streams havingexternal shear stress of = 10* is applied to the upper surface of
differing ion concentrations. These side-to-side differences in conthe tee-shaped domain. This normalized shear is equivalent to that
centration are apparent in the nearly axial, rather than transversgyroduced by a mean flow speed of 60 mm/s in a channel of height
orientation of the isopleths at midheight. As the descending fluid20 mm above a mold having a depth of 1. mm. The Rayleigh number
approaches the plating surface, it compresses the isopleths on thie maintained at 19 as in Fig. 4. With the flow coming from the left
right side, whereas the ascending fluid expands the isopleths on thend a tilt angle of 25° clockwise, the external flow streams across
left. This asymmetry of motion produces a lateral variation in the the top of the mold, rather than descending into the open trench. The
axial ion flux and corresponding deposition rate that may alter theconvective cell becomes a closed loop driven by shear forces as well
shape of the electrodeposit as illustrated by simulations of the shapas buoyancy. Despite the increase in fluid circulation speed, the
evolution®*15%2The jon flux to the plating surface of Fig. 4 cor- overall transport is reduced because a new diffusion layer must form
responds to a Sherwood number of about 14. This 14-fold enhanceat the top of the trench to transfer ions from the external flow into
ment is consistent with the concentration field, because the steefhe circulation loop. In contrast, a somewhat weaker shear force
gradients are now confined to only about 10% of the feature depthwould have still permited open loop circulation. Moreover, an ex-
lon concentrations just above that layer are nearly equal to the batkernal flow of the same magnitude from the opposite direction would
concentration, shortening the diffusion distance by a factor of ten. descend into the trench and return to the main stream without clos-
The primary difference between transport in open and closedng the circulation loop. Thus, to maximize transport, the direction
domains is well illustrated by a comparison of the isopleths in Fig. 4 of the external flow should be upward along an inclined mold face.
with those shown in the inset of Fig. 3. These two cases share th&his orientation reinforces the buoyancy-driven circulation that
same Rayleigh number and so have comparable fluid speeds. In botfraws the fresh high-density electrolyte inward along the lower
figures, the isopleths have the same equal increments of concentrérench wall.
tion. In both, the isopleths are widely spaced along the midsection of The formation of multiple vertically stacked convection cells
the trench where the axial transport is dominated by advectionmay also substantially reduce transport along open trenches or fully
Thus, most of the transport resistance is localized within the thinenclosed domains. For example, the bicellular pattern visible in the
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Figure 8. lon concentration varies linearly with height over the midsection
of high-aspect-ratio trenches and enclosures for Rayleigh numbers only mod-
erately exceding the critical Rayleigh number. Concentration profiles and
inset streamlinedleft) and isoplethgright) are forRa = 2 x 10°.

Figure 7. Instantaneous streamlin@eft) and isoplethgright) for an oscil-
latory flow in a vertical trench foRa = 107, ¢ = 0, andr* = 0. Flow is
not truly steady, but instead wanders among several multicellular patterns.

streamlines on the left side of Fig. 6 has the same Rayleigh number ) . — .
as the open convection loop of Fig. 4. In fact, the bicellular structurell the preceding examples. The flow field shown in Fig. 7 consists of

appears to be the preferred steady-state solution for a vertical trencfiiée cells, two of them side by side. In other instantaneous flow
The single open loop is favored, however, when the axis of thePatterns thesg S|de-by-su_1Ie cells are sometimes ner?\rly symmetric
feature is inclined by 25° as in Fig. 4. In that tilted orientation, the about the vertical center line of the feature and occasionally extend

component of gravity acting across the feature pulls the heavier flui®Ver most of the height. At other times one cell dominatse as the
toward the lower sidewall. Thus, tilting reduces the tendency toward®ther shrinks into a corner. Occasionally, one of the lower cells
a bicellular pattern in which the opposite rotation of the cells nec-P€comes pinched at the waist and splits vertically in half. Similar,
essarily places the heavier fluid on opposite walls in the upper andut less complex oscillations were also seen in our inital example of
lower cells. Our calculations suggest that a tilt of 25° is sufficient to 10W in & rectangular box. Open trenches with larger aspect ratios are
maintain open-loop circulation in features having aspect ratiosSiMply able to accommodate a greater diversity of alternative flow

, tructures.
1 < A < 8 for Rayleigh numbers up to %0 S f . . . .
Multicellular flows are generally less efficient than single-cell _ Despite all this chaotic motion, the time average of the Sherwood

structures in transporting ion species. Although the preceding threé]umber converges to a relatively stable mean on time scales that are

examples all have the same Rayleigh number, the Sherwood numbérti” much shorter than typical electrodeposition times. The time-

decreases by more than a factor of two between the single open-loo verage_d tSh?rWOOd nur:‘lber for th? flow t;)f 't:'%oz i;4ak?_<|)ut 17,
configuration of Fig. 4 and the closed-loop single and multicellular \'OUdN InStantanéous values range irom abou 0 24. However,

structures of Fig. 5 and 6. The primary reason for this is apparent in?1€n the trench is inclined by 25°, the same Rayleigh number pro-

the ion concentration fields on the right sides of Fig. 4 and 6. Al- duces a single open cell having a Sherwood number of about 40. A

though both configurations have boundary layers at the depositiof?!©t ©f the computed Sherwood number as a function of Rayleigh
surface, only the bicellular flow has an additional diffusion layer at ”U“.“?er and aspect ratio for open trenches is pr.esented‘ after first
midheight. Here, steep concentration gradients are needed for diff deriving an analytical model that yields the same information.
sion exchange of ionic species between the upper and lower cells.
Advection cannot enhance this exchange since no flow crosses be-
tween the two cells. The presence of two diffusion layers, rather At moderate Rayleigh numbers, ion concentrations vary linearly
than one, reduces the Sherwood number by roughly a factor of twowith elevation along the midsection of high-aspect-ratio features.
In addition, the presence of multiple cells generally reduces horizon-This linearity is apparent in Fig. 8 which displays the axial variation
tal density differences, leading to slower fluid speeds and weakepof the concentration on each of the sidewalls and the center line of a
transport. This same reasoning applies equally well to Fig. 5 wherevertical enclosure foA = 4 andRa = 2 X 10°. There are bound-
flow over the feature top produced a closed cell having two diffusionary layers at the top and bottom; there would be one such layer at
layers rather than one. the bottom of an open trench. It is also seen in preceding streamline
The diversity and complexity of flow patterns increases with plots and in the inset of Fig. 8 that the flow is usually parallel to the
Rayleigh number, and the flow is increasingly likely to wander be- feature walls along the midsection such that the transverse velocity
tween two or more alternative patterts’> These observations are component becomes negligible. This zone of parallel flow and linear
illustrated by the instantaneous flow field shown in Fig. 7. Here, theconcentration is obviously greater for higher aspect ratios and so
trench is vertical and Rayleigh number is’1€en times greater than  occupies a large portion of the heigfit.

An Exact Solution for Large Aspect Ratios



C408 Journal of The Electrochemical Socig#50 (6) C401-C412(2003

Based on these observations the governing equations, Eq. 2 arid a steady flow. Given the symmetry of these derivative boundary

3, may be reduced to the following pair describing steady-state spezqngitions. we make the symmetric choices&(fO) — —1/2 and
cies and momentum conservation for flow and transport along the. ’

midsection of high-aspect-ratio trenches C(1) = +1/2 to satisfy the requirements th@thave a zero mean
and an overall variation of unity consistent with the definition given
aC  AC, 9°C in Eq. 19.
Vay =~ h, "% [17] The problem might appear to be overconstrained since the dif-
ferential equation is only of fourth order and a total of six boundary
0%y conditions must be satisfied on the trench sidewalls. However, the
pg + ay ~(p = P9 = ey (18] following analytical solution meets all these conditions for one spe-

cific choice of the parameter = Ra/A%
Here,p, is the mean density at any height of interest. Note that the 1
deletion ofa?C/ay? from Eq. 17 does not imply that vertical diffu- - V4 1dg iy Ldg
S : Y . = —— + -
sion is unimportant but rather that the gradient is uniform. For con- c 4{cos()\ %) + costA %) — BlsinA %)
venience we introduce the following definition of the normalized ion

. 1/ |~

concentration, a normalized lateral coordinate measured from one — sinh(\ )T} [25]
trench wall, and a new notation for the vertical concentration gradi-
ent wh

. C—-C, p—-po . X 0dC AC, sin(AY%) — sinb(AY4)

C= = , X=—, — = [19] = - iz 74 [26]

AC,, Apy, w’' oy h, cog ™) — coshA™?)

The symbolsACy, and Apy, indicate the lateral or horizontal differ-  The numerical value of the eigenvalue,is determined by the fol-
ences in density and concentration across the trench, Wiglieis ~ lowing characteristic equation
thg vertical concentration difference over the central linear region of cos A Y4 cosiA M) = 1 [27]
heighth,, .

After insertion of these definitions, the resulting expression for
the vertical velocity from Eq. 17 is substituted into Eq. 18 to obtain
the following fourth-order ordinary differential equation for the nor- Ra..
malized ion concentration A = AZ”‘ = 500.563917 [28]

having the root

. d*C
\NC = -7 [20] . " . .
dx Thus, the corresponding critical value of the Rayleigh number in-
creases with the fourth power of the aspect raﬁaamt ~ 500A%.

The parametek appearing here is proportional to the vertical den- At the onset of convection the convective motion is so weak
sity gradientAp,/h,, and the fourth power of the trench width  that it cannot appreciably alter the vertical concentration gradient

Ap, g W AC and hencelC/dy = AC/h = AC, /h, is the same at all elevations.
N = *Z_ where Ap, = Aph—v [21] It follows from Eq. 11, 21, and 22 that, at this juncture,
hv }LD ACh ~ ~
Ra/A* = Ra/A* and hence
Note that\ may also be written in terms of a modified Rayleigh Ray, = NA* ~ 500A% [29]

number,lia, and a modified aspect ratié,
Quite remarkably, the critical Rayleigh number deduced from these

_Ra . Apvgyh3 ~ hy steady-state considerations is nearly the same as the asymptotic sta-
A= E Ra = Du A= W [22] bility limit of Rag; = 535A% derived by Platten and Legrisased
on the growth and decay of perturbations to a motionless state in a
. . high-aspect-ratio trench.
Here Ra and A are based on the vertical heiglf,, and vertical Figure 9 illustrates the good agreement between the preceding
density differenceAp, , over the midsection of the trench where the exact solution(solid lineg and results(symbol3g obtained by nu-
concentration profile is linear. o merical solution of the full equations. The values®and? for the
A total of six boundary conditions must be satisfied on the trench ) ) A
sidewalls numerical solutions were computed from the definitionCofiven
. R in Eg. 19 and the following definition of
dc d*C - 1 . 2 26
&—W—O and C__E at x=0 [23] i}:v& W Y TS :d_C [30]
A A h, DAC, gw?Ap,  d¥x®
dc dC . 1 .
ax " @@ ~ 0 and C=+5 at x=1  [24]  ysing the nodal point values & and v, wall-to-wall values of

ACy, and central-difference values afC,/h, = dC/dy that ap-

The first derivative ofC must vanish on each wall to prevent any _pIieq at the specific vertical heights O-f interes_t. The symbols sh_own
diffusion into the walls. Also, in view of Eq. 17, the second deriva- in Fig. 9 are mostly taken from midheight profiles, though numerical

- ' ' T results are included for quarter height and three-quarter height loca-
tive of C must vanish on each wall to ensure that the local verticaltions for A = 8. Note that the selected Rayleigh numbers are only
velocity (tangential to the wallis zero, in accordance with the stan- moderately greater thaRag; for each of the three aspect ratios, as
dard no-slip boundary condition of fluid mechanics. By analytical gpparent from the corresponding values of the Sherwood number,
integration of Eq. 20 it can be further seen that the vanishing de-g}, — 1.44,3.21, and 6.05 for aspect ratios of 2, 4, and 8. In general,
rivatives of C ensure that there is no net vertical mass flux throughthe exact solution remains valid for higher Sherwood numbers when
any horizontal cross section, as required to satisfy mass conservatiathe aspect ratio is larger.
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0.8 there are at least two such diffusion layers, one at each end. Open
trenches have at least one diffusion layer at the bottom but may also
A A have a diffusion layer at the top, particularly if a strong external flow
- ' c is present. Using the symbdl to denote the number of diffusion
3 10 layers, each presumed to have a comparable thickness and concen-
o tration difference
2 0.4 -
o h=h,+ N8 and AC = AC, + NAC, [34]
c
© Upflow _
5 whereh, and AC, refer to the central region of parallel flow. The
= latter of these relations may be used to rewrite the Sherwood num-
£ 0.0 ber as follows in terms oAC, rather thantAC,
]
4] !
c AC,\ h
o = - Y
8 Downflow Sh (1 AC) NG [35]
3
N -04 Using Eq. 32, the rati]AC,/AC may be replaced in terms of
g Ra/Ra to obtain
g R 1
Acrit
— _ h*
| | | ' Sh= (1 hy Ra | No* [36]
-0.8
00 02 04 06 08 1.0  inwhich
Normalized Position S h,
3* = — and h} = —— =1—- N&* [37]
Figure 9. Comparison of exact solutior{solid lineg with numerical calcu- h h
lations (symbolg. Open symbols forA = 2, Ra= 10*, Sh= 1.44, and
y* = 1/2. Filled symbols for A= 4, Ra=2Xx 10°, Sh= 3.21, An approximate expression for the diffusion layer thickn@ss,
y* = 1/2. Plus and cross symbols fér= 8, Ra= 3 x 10°, Sh= 6.05, is now constructed from the asymptotic limits that apply for small
y* = 1/4,1/2, 3/4. and large values of the Rayleigh number. At the onset of motion,

convection aids diffusion along the midsection of the trench. How-

ever, as apparent in many of the preceding streamline plots, there is
It might appear contradictory that an exact solution that suppos-very little vertical convection in the end regions where the flow
edly exists for only one critical value of the parameter direction turns from downflow to upflow. In these turning regions

\ = Ra/A* appears to apply over a range of Rayleigh numbers.having a thickness of roughly, = w/2, the vertical species flux is

H he definiti Ra is based h ical carried mainly by diffusion. With increasing Rayleigh number the
However, the definition oRa is based upon the vertical concentra- yigsion layer becomes progressively thinner because its thickness
tion gradient AC, /h,, within the central zone of parallel flow. In s controlled by diffusion from the horizontal crossflow to the adja-

contrast, the conventional Rayleigh numbRe, is based on the  cent surface. Although it is possible to derive an approximate ex-
overall height,h, and overall concentration differenceC. From  pression for the boundary layer thickness based on the circulation

the definitions ofA andRa we may write speed, it is easier and probably more accurate to extract this infor-
RaAC. h At h mation from other sources.
_ RaaAg, _ v In the limit of high Rayleigh numbers we are guided by experi-
M= AT AC hy or AC, = ACx Rah [31] mental studie$?*° scaling argument® and our numerical simula-

tions which all suggest thaBh — B, Ra”™. In this same limit
Further, using Eq. 28 to eliminadein favor of Rag, it is seen that AC,/AC — 0, AC.,/AC — 1/N, andh] — 1. Thus, by equating
the limit of our approximate expression f&h, Eq. 36, with the

h, Ra.: 1 :
AC, = ACY Acrit for Ra> Rag [32] empirical result it follows that
h Ra
1 1
~ 1/3 _
This relationship requires that the concentration difference and the ~ SN — m ~ BegRa™ or 8% = Nex R (38]

gradient in the central region must both decrease with increasing
Ra. To compensate for this, the gradient and the concentration dif-G
ference in the end regions must increase with increaRiamgas seen
in the preceding numerical solutions.

oldstein and Tokudd suggest a value df,, = 0.0556 based on
experiments in closed containery{, = 2) atRa > 1C%. Our nu-
merical calculations foN = 2 suggest a somewhat larger value of
Analytical Expression for the Sherwood Number Bexp = 0.069, perhaps because our Rayleigh numbers are smaller
The Sherwood number representing the ratio of actual mas?”d the trench is slightly tilted. Thus, in the comparisops shown here
transfer to that which would have occurred by diffusion alone may We USeNexgBex, = 0.14, about 20% above the Goldstein asymptote.

be written A composite expression fo3* applicable for allRa is con-
structed by simply forming the product of the preceding asymptotic
AC, h expressions and dividing by their sum
Sh= — [33]
3 AC .ex
35 0%

*

= ———— Where 3} = =~ and 8} = ———p
whereAC, is the difference in concentration across a diffusion layer 3 + d% O 2A 0.1Ra"®

of thicknessd at the trench bottom. In closed rectangular regions [39]
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102 leigh number for features having depths of 0.1-10 mm ranges from
10° to 10 as computed from Eq. 11. Based on the stability criterion

Ragi ~ 500A* [40]

it follows that convection occurs for aspect ratios Af< 1.2,

A < 6.6, andA < 37 for feature depths of 0.1, 1.0, and 10 mm,
respectively. The same criterion implies that convection should be
unimportant in trenches having a depth of less than 0.1 mm, consis-
tent with previous experimental and numerical results for plating of
bumps in cavitivies of unit aspect ratid Although the presumed
feature geometry is trench-like, these results also serve as a guide-
line for electrodeposition into circular holes.

The preceding criterion and all of the foregoing calculations ad-
dress fluid motions that are two-dimensional in a plane across the
trench. If instead the fluid circulates in the long direction of a trench,
the critical Rayleigh may be roughly approximated as

Sherwood Number, Sh
o,

h 2
Ragi ~ somz(t> ~ 500A2 [41]

in which L is the trench length. This approximation is based on the
observation that the fluid velocity for two-dimensional flow between
10° 104 10° 108 10’ 108 closely spaced parallel walls may be written as

A
100 [] EIDH# L IIIIIHI 1 llllllé Llilllll L L L LLLL

Rayleigh Number, Ra W2
_ _ _ u=—75-(Vp +pg [42]
Figure 10. Comparison of numerically computed Sherwood numisgm- ]
bols) with analytical approximatior(lines). Upper set of lines and filled
symbols are for open trenches. Lower lines and open symbols for fully\yharew is the wall spacing. This equation may be used to replace
enclosed rectangular domains. Eq. 18 in a scaling analysis of flow near the onset of convection to
arrive at the very rough approximation given in Eqg. 41. Nearly the
same result can be found in stability analyses of thermal convection
This formula correctly selects the smaller of the two asymptotes injn Hele-Shaw celf®¥ where the onset of convection occurs for a
both of the limits and provides a smooth transitional behavior atcritical Rayleigh number of 482 ~ 474, which is fortuitously
intermediate Rayleigh numbers. _ close to our approximate value of 500. This criterion would permit
Figure 10 illustrates the good agreement between the analyticalynyection for aspect ratio#h, as large as 1.4, 44, and 137 for
approximation of Eq. 36 and 3tsolid lines and our numerical  gepths of 0.1, 1.0, and 10 mm, respectively, in trenches having
calculations of the Sherwood number. The upper family of curves|ength.to-depth ratios of unity. This result is roughly applicable to
and data points is for open trenché & 1) while the lower family  trenches much longer than their depth, since multiple side-by-side
is for enclosed cavitiesN = 2). The onset of convection is nearly ce|is are then expected to form. For this reason we have taken
the same for the two families, particularly when the aspect _ratio iSas unity in the final form of Eq. 44. The earlier, more restrictive
large. However, at large Rayleigh numbers, the transport in openyiterion of Eq. 40 would still apply to holes and short trenches.
trenches isa fa}ctor. of two above that of the closed domam§ becausenys, the varying geometry of individual features in a given mold
there is one diffusion layer rather than two. In both families, the may cause order-of-magnitude differences in deposition rates, and in
behavior for largeRa may ultimately be independent of the aspect many cases deposition rates are subject to the diffusion limitations
ratio, though a slight offset still remains Bta = 10°. Although the  previously described. These nonuniformities could be avoided by
analytical model was derived for a vertical trench, it appears toplating with the trenches facing down, but only at the risk of trap-
provide a good approximation to the numerical results for inclined ping hydrogen bubbles within the trenches. Thus, a nearly horizontal
enclosures provided that the Rayleigh number is based on the gravnclination might provide the best configuration for suppression of
ity force acting along the trench axis. This approach appears quiteéonvection.
adequate for high aspect ratios, although it does shift the onset of |f the Rayleigh number is large enough to produce strong con-
convection somewhat, and it does not explicitly address the issue ofection in all features, the transport will be uniform for all feature
stability against multicellular convection. widths and depths. This observation may be verified by substitution
of the asymptotic expression for large Rayleigh numbers,
Sh— 0.14Ra¥/N, into the defining equation for the Sherwood
Diffusion-limited plating times for LIGA features are on the or- number, Eg. 16.
der of 2-20 days for 1-3 mm feature depths, assuming a bath con-
centration of 1 M/L. In addition to long process times, plating rates AC D ( Apg )1/3

may be highly nonuniform in features having different aspect ratios, q= ShDT = 0.14ACN

Applications

— [43]
particularly if the electrolyte is pumped over the mold surface. Shal- PoDV
low features having aspect ratios of unity or less are well supplied
by convective transport of plating ions, whereas high-aspect-ratigiere,N is the number of convective boundary layers ani the
features are stagnant over most of their height. ion flux to the deposition surface. Sinbedisappears from the sec-
Buoyancy-driven convection may substantially increase theond of these equations, it follows thais independent of the feature
transport into high-aspect-ratio features if the Rayleigh number isdepth in a regime where this third root scaling holds. Under these
sufficiently large. Since the depletion of all metal ionsnfra 1 M circumstances, features of all depths and widths plate at the same
nickel bath reduces the density by about 10%, the maximum Ray+ate, a condition of great potential benefit.
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Summary analytical solution is also in excellent agreement with our numerical
golutions of the full equations.

Perhaps the most useful contribution of the present work is the
formulation of an approximate analytical model that smoothly
lends the preceding exact solutions that apply near the convection
hreshold with the complementary asymptotic solutions that apply

or large Rayleigh numbers. This approximation provides relatively

A numerical model has been developed and used to investigat
enhancement of ion transport by natural convection during filling of
trench-like cavities by electrodeposition. A finite difference proce-
dure was used to solve the stream function and vorticity transpor
equations for fluid motion coupled with diffusive and convective f

transport of a me_tal lon Species t_hat |s_dep05|ted at the_trench bOts'imple analytical formulas for the Sherwood number as a function of
tom. Local depletion of that species adjacent to the plating surfacqhe Rayleigh number, aspect ratio, and the number of diffusive

induces the convective motion. The resulting enhancement of ion,,nqary Jayers for both trenches and for fully enclosed rectangular

transport has been computed and reported in terms of a Sherwoogymains.

number representing the ratio of transport by convection and diffu-

Although these results are applicable to convective flow in any

sion relative to that which would have occurred by diffusion alone. rectangular cavity or trench, our principal interest is in filling of
For purposes of validation, the model was first used to compute_ |GA molds by electrodeposition. Here, the Rayleigh number for
natural convection in fully enclosed square domains having imposegyicke| plating fran a 1 M bath ranges from about 1@o 1¢° for
horizontal temperature differences. These results compared favokaatures having depths from 0.1-10 mm. Convective motions that
ably with previous numerical calculations and experimental obser-gre two-dimensional in a plane across the trench are expected to
vations from several sources that collectively span Rayleigh num-ceyr for aspect ratios ok < 1.2, A < 6.6, andA < 37 for fea-

bers ranging from 10to 1C°. At high Rayleigh numbers the

ture depths of 0.1, 1.0, and 10 mm, respectively. Thus, for relatively

computed Sherwood numbers increase with the third root of thethin LIGA photoresits(0.1 mm) convection is limited to features

Rayleigh number, in agreement with the experimental data. It washaving aspect ratios less than= 1.2, while at the deeper end of
also seen that oscillatory multicellular motions may occur for Ray- current practicg1.0 mm convection occurs for aspect ratios less
leigh numbers greater than about®lfut that these may be sup- thanA = 6.6. Buoyancy-driven convection will become more im-

pressed by a moderate inclination of the substrate.

portant as the LIGA fabrication technology is extended to feature

Numerical results for ion transport into open trenches were pre-depths greater than 1.0 mm. The analytical model derived here can

sented for Rayleigh numbers ranging fron? 10 1¢ and for aspect

be used to easily compute transport rates for any of these conditions

ratios of height to width ranging from 1 to 16. Here again it was and for other applications involving convective motions driven by
seen that oscillatory multicellular flows are likely to occur at higher variations in temperature and chemical composition.

Rayleigh numbers but that these could be suppressed by a 25° in-
clination of the substrate. Under this inclination, the heavier unde-
pleted electrolyte flows into the trench along the lower sidewall and
the ion-depleted fluid rises along the upper wall, providing a very
effective open-loop circulation of the entire trench. However, it is
further found that a strong flow over the mold top may produce a
single closed-loop circulation cell that reduces the ion transport by
about a factor of two relative to the open-loop configuration. This
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open-loop circulation may sometimes be avoided by directing the
external flow upward along the inclined mold face. However, an
external flow velocity that is sufficient to maintain uniform ion con- 1
centrations across the mold face may also result in unwanted closed-
loop circulation of recessed features.

This difference between open-loop and closed-loop circulation is 2.
also apparent in the roughly factor-of-two difference between the 3
computed Sherwood numbers for open trenches and those for closed’
rectangular domains. The factor of two arises at high Rayleigh num- 6.
bers because the transport resistance is localized within thin bound--
ary layers that are present at both ends of a closed domain but onlyg
at the bottom end of an open trench under open-loop circulation. Ito.
is noted, however, that there is very little difference between open-11.
and closed-loop configurations at or near the onset of convection
because both cases have similar frictional resistance when the aspeczt'
ratio is large.

A unique feature of the present work is the derivation of an exact13-
analytical solution for convective transport in high aspect features a
moderate Rayleigh numbers. Since the flow along the trench mid-s.
section is nearly parallel to the trench walls and the vertical concen-
tration gradient is nearly linear, the governing equations can be re®
duced to a pair of second-order ordinary differential equations for,;.
the ion concentration and the axial velocity as functions of trans-
verse position. The analytical solution to these equations entails a8
eigenvalue representing the critical Rayleigh number required t
produce natural convection by a vertical density gradient in a high-21.
aspect-ratio trench or enclosure. This threshold value of the Ray-
leigh number increases with the fourth power of the aspect ratiogz-
(Rag; =~ 500A%), in good agreement with previous stability analy- 5,
ses based on presumed forms of the convective disturbance. The
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